Abstract. The aim of the present study was to explore the regulatory mechanism of heme oxygenase-1 (HO-1) expression induced by sevoflurane (Sevo) in lipopolysaccharide (LPS)-induced acute lung injury (ALI). Sprague-Dawley rats were divided randomly into six groups: (A) Control, (B) 2.4% Sevo only, (C) LY294002 (PI3K inhibitor) only, (D) LPS + 2.4% Sevo, (E) LY294002 + LPS + 2.4% Sevo and (F) LPS only. The pathological changes in wet/dry weight ratio (W/D), the activities of superoxide dismutase, myeloperoxidase (MPO), malondialdehyde, and HO-1, as well as the expression of intercellular adhesion molecule (ICAM-1), HO-1, phospho-phosphatidylinositol 3-kinase (pPI3K) and phospho-Akt (pAkt) were recorded. Sevo post-conditioning was able to effectively protect from ALI with decreasing pathomorphological scores, MPO activity, W/D and the mRNA and protein expression levels of ICAM-1. Sevo promotes HO-1 expression via the PI3K/protein kinase B (PI3K/Akt) pathway with activation of pPI3K and pAkt. Inhibition of the PI3K/Akt pathway by LY294002 partly eliminates the protective effects of Sevo. It is concluded that Sevo post-conditioning has a vital role in inducing the upregulation of HO-1 expression via the PI3K/Akt pathway to alleviate ALI.
Introduction
Epithelial and endothelial cell perturbation and inflammatory cell influx are indicative of acute lung injury (ALI), which is a diffuse heterogeneous lung injury that leads to hypoxemia, non-cardiogenic pulmonary edema, low lung compliance and widespread capillary leakage. As an inducible enzyme for the rate-limiting step in the conversion of heme into biliverdin, carbon monoxide (CO) and free iron, heme oxygenase-1 (HO-1) is also widely accepted as a cellular defense mechanism against harmful or noxious stimuli (1, 2) . A previous study found that HO-1 expression prevents rat livers from ischemia/reperfusion (I/R) injury when using anesthetic sevoflurane (Sevo) clinically (3) . Inhalation of Sevo prior to ischemia increases the activity of HO-1 in the lung and protects from lung I/R injury in rats (4) . I/R injury is an important model of oxidant-mediated ALI (5) . Therefore, Sevo may have an important role in ALI protection by upregulation of HO-1 expression. However, the regulatory mechanism of HO-1 expression is complex and is involved in numerous intracellular signal transduction pathways, including the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway (6) .
PI3K is a lipid kinase and generates phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 is a second messenger essential for the translocation of Akt to the plasma membrane where it is phosphorylated and has a pivotal role in fundamental cellular functions, including cell proliferation and survival by phosphorylating a variety of substrates (7) . A previous report demonstrated that HO-1-induced protection against hypoxia/reoxygenation is dependent on biliverdin reductase and its interaction with the PI3K/Akt pathway (8) . In addition, the PI3K/Akt signaling pathway also has been found to be involved in HO-1 upregulated expression induced by epigallocatechin, 4-methylcatechol and schisandrin (9) (10) (11) . Therefore, in the present study, the role of the PI3K/Akt regulatory pathway in the upregulated expression of HO-1 induced by Sevo used for the treatment of lipopolysaccharide (LPS)-induced ALI was explored.
Materials and methods
Animal preparation. The animal protocol was approved by the Institutional Animal Care and Use Committee at Central South University (Changsha, China). Animal models were established according to the methods of Sun et al (12) , Crawford et al (13) and Coimbra et al (14) . Rats (Fig. 1) . Sevo, delivered by gaseous admixture (oxygen) at a concentration of 2.4% via a calibrated vaporizer, was administered via an endotracheal tube. The inspired oxygen and Sevo concentrations were also monitored continuously through the anesthetic agent monitor (Datex Instrumentarium, Helsinki, Finland). The rectal temperature of all the rats were maintained between 37-38˚C by incandescent bulb heating. Following 6 h drug treatment or saline, all the rats were sacrificed by exsanguination under anesthesia. The tissue samples of the left lung were immediately immersed in liquid nitrogen and stored at -80˚C for subsequent activity analysis.
Wet/dry (W/D) lung weight ratios.
A total of 100 mg was excised from the right middle lobe, rinsed briefly in PBS, blotted and weighed to obtain the 'wet' weight. Lungs were then dried in an oven at 80˚C for 48 h to obtain the 'dry' weight.
MPO, MDA and SOD activity. As an indicator of migration of polymorphonuclear neutrophils in lung tissue, the activity of myeloperoxidase (MPO) was measured with a EnzChek ® Myeloperoxidase Activity Assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The malondialdehyde (MDA) assay was performed to evaluate the severity of lipid peroxidation injury by the thiobarbituric acid (TBA) colorimetric method using an MDA Assay kit (Jiancheng Corp., Nanjing, China). This assay is based on the reaction of MDA with TBA, forming stable thiobarbituric acid-reactive substances, which has a maximum absorption at 532 nm. Superoxide dismutase (SOD) activity was determined using an SOD assay kit (Jiancheng Corp.).
Histological analysis. The pathological changes of lung tissue were examined by hematoxylin and eosin staining under an optical microscope (CHBS microscope; Olympus, Tokyo, Japan). The right upper lobe was dissected, fixed with 4% paraformaldehyde, dehydrated, embedded in paraffin, sectioned and stained. The degree of lung injury was assessed using the scoring system described by Al-Amran et al (16) . Each parameter was graded on a scale of 0-3, as follows: i) 0, Alveolar septae. 0, Septae thin and delicate; 1, congested alveolar septae in <1/3 of the field; 2, congested alveolar septae in 1/3-2/3 of the field; 3, congested alveolar septae in >2/3 of the field. ii) Intra-alveolar cell infiltrates. 0, <5 intra-alveolar cells per field; 1, 5-10 intra-alveolar cells per field; 2, 10-20 intra-alveolar cells per field; 3, >20 intra-alveolar cells per field. iii) Alveolar hemorrhage. 0, No hemorrhage; 1, >5 erythrocytes per alveolus in 1-5 alveoli; 2, >5 erythrocytes in 5-10 alveoli, 3, >5 erythrocytes in >10 alveoli. The total lung injury score was calculated by adding the individual scores for each category. The histological sections were evaluated by a pathologist without prior knowledge of the treatment administered to the animals.
Quantitative polymerase chain reaction (qPCR) and western blot analysis. The cDNA was generated from 2 µg total RNA isolated with TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) using the RT-PCR kit (MBI, Fermentas, Vilnius, Lithuania) with Oligo (dT) primers and GAPDH as the control. The PCR primers used were: HO-1 forward, 5'-ATGGAGCGCCCACAGCTCGA-3' and reverse, 5'-CTCCAGAGTGTTCATGCGAG-3'; and GAPDH forward, 5'-CAGCAATTTTCAGTGTCAGAAGCT-3' and reverse, 5'-TCATCCTGTCCTTGAGGCAGTAT-3'. Western blot analysis was performed as described previously (17) . Immunoblotting was performed with the following antibodies: Rabbit anti-mouse HO-1 (Merck, Darmstadt, Germany), rabbit anti-mouse PI3K-P110α, rabbit anti-mouse phospho-PI3K (pPI3K), rabbit anti-mouse Akt, rabbit anti-mouse phospho-Akt (pAkt) (all Cell Signaling Technology, Inc.), and IRDye 800 goat anti-rabbit (LI-COR Biosciences, Lincoln, NE, USA). Blots were scanned using the Odyssey infrared imaging system (LI-COR Biosciences). GAPDH and β-actin were used as a control gene and proteins for normalization using the AlphaImager 200 Digital Imaging System (Alpha Innotech, San Leandro, CA, USA).
Statistical analysis. All data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) and the data are expressed as the mean ± standard deviation. A one-way analysis of variance was used for comparisons between groups. Post-hoc comparisons were performed using a least significant difference test or Dunnett's T3 test. P<0.05 was considered to indicate a statistically significant difference. 
Results

LPS injection induces lung tissue damage with increased W/D ratio, MDA and MPO activity and decreased SOD activity.
As shown in Table I , no significant differences were observed in the W/D ratio or the SOD, MDA and MPO activity of lung tissue among groups A, B and C (P>0.05), while LPS injection (groups D, E and F) caused a significant increase in the W/D ratio, MDA and MPO activity as compared with saline-injected rats (group A) (P<0.05), but with a significant decrease in SOD activity. These results demonstrated that oxidative damage appeared in lung tissue following LPS injection. No significant differences were observed in lung W/D ratios among groups D, E and F (P>0.05). Table I , compared with group F (only LPS injection), significant differences were observed in group D (Sevo post-conditioning) with increased SOD activity and decreased MDA and MPO activity. These results reflected that Sevo treatment significantly reversed the oxidant-antioxidant status and had a protective role. Compared with group D, LY294002 pretreatment led to a decrease in SOD activity and a slight increase in MDA and MPO activity; however, no significant difference was observed between groups E and D.
Sevo decreases lung tissue damage induced by LPS. As shown in
Histological analysis and pathomorphological scores.
Optical microscopic observation indicated the presence of intact alveoli structure, clean alveolar spaces, no alveolar interstititum, few inflammatory cell infiltrations and rare light alveolar wall thickening in groups A, B and C. However, in LPS-induced groups D, E and F, marked diffuse pulmonary edema of varying degrees, capillarectasia and hyperaemia were observed. In addition, margination and emigration of leucocytes widened alveolar spaces were also present, particularly in groups E and F (Fig. 2) .
Pathomorphological scores were investigated and the results are shown in Table II . No significant differences were observed among groups A, B and C (P>0.05) and in comparison with these, pathomorphological scores were significantly increased in LPS-induced ALI models (groups D, E and F). However, compared with group F, pathomorphological scores • P<0.05, compared with group E. A, control; B, 2.4% Sevo; C, LY294002 (phosphatidylinositol 3-kinase inhibitor); D, LPS + 2.4% Sevo; E, LY294002 + LPS + 2.4% Sevo; F, LPS; M, marker; pAKT, phospho-Akt. 
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in group D were significantly decreased (P<0.05) due to post-conditioning with 2.4% Sevo. Further analysis indicated that pathomorphological scores in group E were also significantly higher compared with those in group D, indicating that the PI3K inhibitor LY294002 eliminated the protective effects of Sevo.
Protein expression of pPI3K and pAkt. The protein expression levels of pPI3K and pAkt in each group were detected by western blot analysis, using total PI3K and Akt as an internal standard. The results are shown in Figs. 3 and 4 . There was limited pPI3K and pAkt expression in groups A, B and C, but a significant increase in group F. However, pPI3K and pAkt were further increased in group D following Sevo post-conditioning compared with group F. In addition, LY294002 pretreatment in group E significantly decreased pPI3K and pAkt expression compared with group D.
mRNA and protein expression of HO-1. As shown in Fig. 5 , no significant differences were observed in mRNA and protein levels of HO-1 between groups A, B and C. LPS injection (groups D, E and F) induced a significant increase in mRNA and protein expression of HO-1 as compared with group A. A subsequent 2.4% Sevo inhalation (group D) significantly increased HO-1 expression compared with group F. Notably, HO-1 expression was significantly decreased in group E compared with group D, indicating that PI3K may be involved in the regulation of HO-1 expression.
Discussion
Inflammatory cells and inflammatory mediators have been well-characterized and are known to contribute to the overall pathogenesis of ALI. Infiltration with inflammatory cell has been found by histological analysis. Intercellular adhesion molecule (ICAM-1) is an inflammatory biomarker that is involved in the adhesion of monocytes to endothelial cells (ECs) and HO-1 has been reported to inhibit the expression of adhesion molecules in vascular ECs (18, 19) .
At present, the expression of the HO-1 gene is primarily regulated at the transcriptional level, although there are variations between species (20) . The human HO-1 gene is localized on chromosome 22q12 and consists of five exons and four introns, spanning 14-kb (21, 22) . A promoter sequence is located ~28 base pairs upstream from the starting site of transcription, which contains a number of enhancer and transcriptional regulatory elements, including the antioxidant response element (ARE), heat shock element and hypoxic response element. These transcriptional regulatory elements may specifically bind to a series of oxidative stress-responsive transcription factors (23), including nuclear factor-κB (24), activator protein-1 (25) and nuclear factor erythroid 2-related factor (Nrf2) (26) , suggesting a potential role of these factors in modulating HO-1 induction.
Complex regulatory regions indicate the possibility that several signal transduction pathways may be involved in HO-1 regulation, including mitogen-activated protein kinase, protein kinase C and tyrosine protein kinase (27, 28) . A recent study indicated that the PI3K/Akt pathway also has a role in HO-1 regulation. For example, Chen et al (29) found that 4-ketopinoresinol, a novel naturally occurring ARE activator, induces activation of the Nrf2/HO-1 axis and protects against oxidative stress-induced cell injury via activation of PI3K/Akt signaling. PI3K, a lipid kinase, can be activated to generate the lipid second messenger PIP3 and subsequently activates its main downstream effector, the serine/threonine kinase Akt, which phosphorylates a variety of substrates that function to suppress apoptosis and promote progression through the cell cycle (30) . A previous study found that Sevo post-conditioning activates the PI3K/Akt pathway to protect isolated rat hearts against I/R injury with decreased cardiomyocyte apoptosis (31) . However, such cardioprotective effects were entirely eliminated by LY294002 (32) . Similarly, post-conditioning with Sevo reduced nerve cell apoptosis, upregulated B-cell lymphoma 2 (Bcl-2) and downregulated P53 and Bcl-2-associated X protein.
Wortmannin, a PI3K inhibitor, prevented pAkt from increasing, indicating that this neuroprotective effect may be partly due to the activation of the PI3K/Akt pathway and Akt phosphorylation (33) .
In the present study, low levels of PI3K and pAkt were identified in the saline control groups A, B and C; however, expression significantly increased in the LPS-injection group. The activity of SOD was reduced, the activities of MDA and MPO were increased, and the mRNA and protein expression of HO-1 were all increased. This indicates that LPS elicited a marked oxidant stress response and activation of a protection mechanism.
However, Sevo post-conditioning reversed the oxidant damage status by increasing the SOD activity and decreasing MDA and MPO activity. In addition, treatment with Sevo also induced increasing HO-1 expression as well as PI3K and Akt phosphorylation. To confirm that the upregulation of HO-1 expression was mediated by the PI3K/Akt pathway, the PI3K inhibitor LY294002 was introduced. The results showed that LY294002 inhibited PI3K and Akt phosphorylation, but also HO-1 expression at the mRNA and protein levels, indicating that the PI3K/Akt pathway may be involved in HO-1 expression induced by Sevo.
In conclusion, the present study suggested that the upregulation of HO-1 expression caused by inhalation of Sevo, which decreases the release of the inflammatory mediator ICAM-1 in ALI processes, may proceed via the PI3K/Akt pathway. Numerous advances in clinical applications of Sevo/HO-1 enhancers are expected in the coming years based on the present analysis.
